Hydrophobin proteins originate from filamentous fungi, which are able to self-assemble at water-air interfaces. Hydrophobins have multiple functions in fungal growth and development. In this study, the function of the Trhfb3 gene encoding a class II hydrophobin was characterized in Trichoderma reesei. The null mutant of Trhfb3 presented a wettable phenotype and a significantly reduced conidial production compared with the parent strain. The Trhfb3 mutant also exhibited less biomass formation than the parent strain. In addition, Trhfb3 was expressed on carbon sources that induce lignocellulytic enzymes, with the highest expression level detected on cellobiose. The results show that Trhfb3 has a role in vegetative growth and asexual development in T. reesei.
INTRODUCTION
Hydrophobins are small secreted proteins produced by filamentous fungi, which contain around 100 amino acids. These proteins are characterized by the conservation of eight conserved cysteine (Cys) residues and similar hydropathy profiles (Wessels 1994) . Besides the conserved Cys residues, similarity of the amino acid sequence between hydrophobins from different fungal species is rather small. Based on their conservation of spacing between the eight conserved Cys residues and their different solubilities and hydropathy profiles, two classes of hydrophobins are defined: class I and class II. Class I hydrophobins can only be dissociated using strong solvents, for example, trifluoroacetic acid. Class II hydrophobins can be dissolved in diluted organic solvents such as 60% ethanol and 2% sodium dodecyl sulfate (SDS) (Wessels 1996) .
In filamentous fungi, hydrophobins are mostly found in the asexual spores (conidia), fruiting bodies and the aerial hyphae, where the hydrophobins contribute to surface hydrophobicity of these aerial structures (Wessels et al. 1991) . Hydrophobins are secreted by filamentous fungi into external aqueous environment and then self-assembled at the interface between the medium and the air phases (Wösten, De Vries and Wessels 1993) . This results in reduced water surface tension, enabling fungi to emerge from hydrophilic environments (Wösten et al. 1999) . Hydrophobins are involved in cell wall architecture (van Wetter et al. 2000) , making aerial structures such as spores, aerial hyphae and fruiting bodies hydrophobic (Dons et al. 1984; Stringer and Timberlake 1994; Wösten and Wessels 1997) and mediating attachment to hydrophobic surfaces such as that of a host (Wösten and Willey 2000) . Hydrophobins are also involved in fungal pathogenicity. For example, deletion of the mpg1 gene was found to result in defects of appressorium formation, leading to reduced virulence, in Magnaporthe grisea (Talbot, Ebbole and Hamer 1993) . Disruption of another hydrophobin gene, mhp1, in M. grisea inhibited appressorium development in a similar way as to the deletion of mpg1. However, the mhp1 mutants also showed defects in conidiation and conidial viability (Kim et al. 2005) .
Trichoderma reesei is an efficient work horse of a broad range of lignocellulolytic enzymes. Like other filamentous fungi, T. reesei produces extracellular hydrophobins. Three class II hydrophobins, hydrophobin I (HFBI), HFBII and HFBIII, have been isolated from T. reesei (Nakari-Setälä et al. 1996 Linder et al. 2005) . The biological roles of hfb1 and hfb2 were investigated previously. The hfb1 mutant sporulated more poorly and produced less biomass than the parent strain, while the aerial hyphae were not formed in static liquid cultivations. Sporulation of the hfb2 mutant was only 50% of that of the parent strain, but aerial hyphae formation was not affected (Askolin et al. 2005) . Although the self-assembly of HFBIII was studied on different interfaces (Kisko et al. 2007) , the function of the hfb3 gene in fungal development has not yet been thoroughly characterized.
In this study, the role of TrHFBIII was studied. Deletion of its encoding gene showed that this hydrophobin has a role in vegetative growth, in sporulation and in surface hydrophobicity.
MATERIALS AND METHODS

Strains and cultural conditions
Trichoderma reesei RUT C30 (ATCC 56765) and its derivative mutants were used throughout this study. For propagation of the strains, mycelia agar disks were inoculated on fresh PDA and incubated at 30
• C until conidia formed. Escherichia coli DH-5α was used for vector construction.
To analyze the expression of Trhfb3 on different carbon sources, 10 6 spores of RUT C30 was first inoculated into 100 ml liquid minimal medium (MM, Penttilä et al. 1987) supplemented with 1% glucose and pre-cultivated for 24 h at 30
• C and 180 rpm.
Then, the mycelia samples were washed twice with liquid MM and transferred to 30 ml of fresh MM containing lactose, avicel, xylan, xylose or cellobiose in 250-ml flasks. After 24 h of cultivation, the mycelia samples were harvested for RNA isolation.
Vegetative growth, conidiation and conidial germination
Approximately 10 μl of conidia (10 6 spores/ml) of T. reesei RUT C30, the null mutant of Trhfb3 or the complemented mutant was inoculated on PDA, followed by culture at 30 • C for 6 days. Colony growth, conidiation and conidial germination were assayed as described (He, Guo and Zhang 2015) . All of the experiments were repeated three times. The data above were statistically calculated using Student's t-test and considered significantly different if P-value was <0.05.
Wettable phenotype and stress adaptation assays
To analyze the wettable phenotype of the strains, 10 μl of water or detergent was placed on a fungal colony of each strain and the spore dispersion within the drop was monitored. To evaluate the growth characteristics on PDA plates, approximately 10 μl of the conidia (10 6 spores/ml) of all the tested strains was inoculated onto PDA plates and cultivated at 30
The diameter of the colony was measured, and an image of the colony was recorded after 6 days.
Stress adaption was assayed on MM supplemented with NaCl (0.7 M), SDS (0.005%), H 2 O 2 (10 mM), sorbitol (1.2 M), Congo Red (CR, 800 mg/l) or calcofluor white (CFW, 100 mg/l). The growth of the colony was monitored every 24 h over a 7-day time course. To evaluate the thermostability response, the conidia of all the tested strains were collected, filtered and diluted to 10 7 spores/ml. Fifty microliters of conidia suspension was heated at 50
• C for 1 h, spread on water agar plates and then cultivated at 30
• C for 12 h. The germination of the conidia was observed under a microscope. All of the experiments above were repeated three times. The data were statistically calculated using Student's t-test and considered significantly different if P-value was <0.05.
Construction of Trichoderma reesei recombinant strains
For the deletion of Trhfb3, the knockout vector pBSHPHTrHFB3KO was generated by the insertion of a hygromycin resistance gene (hph) cassette into the 5 and 3 flanking regions of the Trhfb3 gene. A 1164-bp 5 flanking region and an 804-bp 3 flanking region were first amplified using HFB3upF/R and HFB3dnF/R, respectively. Then these two flanking sequences were separately cloned into the KpnI/SalI and BamHI/XbaI sites. The knockout vector pBSHPH-TrHFB3KO was used to transform T. reesei RUT C30.
To generate the TrHFB3-GFP fusion constructs, first, the native promoter fragment of Trhfb3 was cloned from T. reesei RUT C30 genomic DNA, the eGFP CDS fragment without start codon (ATG) was amplified from pEGFP (Clontech, Mountain View, CA, USA) and the Trhyb3 cDNA sequence without stop codon (TAA) was amplified from cDNA of RUT C30, respectively. Then, the TrHFB3-GFP fusion expression cassette was obtained through fusion PCR (Szewczyk et al. 2006 ) of all three of these fragments and subcloned into pMD19-T (Takara, Japan) to generate the pMD19-TrHFB3-GFP plasmid. The pMD19-TrHFB3-GFP vector was co-transformed with pBSHPH into RUT C30 by protoplast transformation. To construct the complementation vector, a 2-kb fragment including a 1.2-kb 5 flanking region and the full-length Trhfb3 coding region was obtained through PCR amplification using primer pairs HFB3HBF/HFB3HBR and subcloned into pBSSUR (Sweigard et al. 1997) , which carries a gene conferring resistance to sulfonylurea, to generate the complementation vector pBS-HFB3HB. All of the used primers are listed in Table S1 (Supporting Information).
Quantitative RT-PCR
The total RNA extraction, synthesis of cDNA and quantitative real-time PCR were carried out as described previously (He et al. 2014) . The expression ratios of target genes were normalized against the expression of tef1 gene by the 2 − Ct method (Livak and Schmittgen 2001) . Three independent experiments were conducted with three replicates.
RESULTS AND DISCUSSION
Sequence alignment and targeted disruption of Trhfb3
HFBIII consists of 103 amino acids and is encoded by a singlecopy gene in Trichoderma reesei (Protein ID: 123967) . The deduced HFBIII amino acid sequence possesses 45.3% and 46.8% similarity with two identified class II hydrophobins of T. reesei HFBI and HFBII, respectively. Alignment of the deduced HFBIII amino acid sequences with other class II hydrophobins showed that the spacing of the eight Cys residues is rather well conserved among this class (Fig. 1 ). An interesting feature is that it contains an extra, the ninth Cys residue (Fig. 1) . However, due to the positions of the other eight Cys residues appear in a conserved manner, the HFBIII is still categorized as a class II hydrophobin (Linder et al. 2005) . The eight conserved Cys residues in typical hydrophobins could create four intramolecular disulfide bridges. The extra Cys residue in HFBIII might open up a range of new possibilities in the structure, properties and function of the protein whether it is free or not.
Localization and expression of Trhfb3
To investigate the expression pattern of Trhfb3, its transcription profile was evaluated. The expression of Trhfb3 was detected at the conidia, vegetative growth and induction growth stages ( Fig. 2A ), reaching the highest expression level at the conidia stage. These results indicate that Treki1 is a constitutive gene in T. reesei.
To study the localization of Trhfb3, the pMD19-TrHFB3-GFP plasmid was co-transformed with pBSHPH into RUT C30 by protoplast transformation. As seen in Fig. 2B , the green fluorescence signal was uniformly detected in the cytoplasm of the conidia and hyphae (Fig. 2B) .
It has been reported that the carbon source can regulate the expression of hydrophobin genes in T. reesei (Nakari-Setälä et al. 1997) . Thus, the expression of the Trhfb3 gene was analyzed on several inducing carbon sources in shaken flask cultivations. As seen in Fig. 2C , Trhfb3 was expressed on those carbon sources that induce lignocellulolytic enzymes, such as lactose, xylan, avicel and cellobiose. The mRNA transcripts of Trhfb3 on different inducing carbon sources were evaluated by qRT-PCR. The highest expression level of the Trhfb3 gene was detected on cellobiose, while the lowest was achieved on lactose.
Expression of hfb1 and hfb2 has been observed to vary widely depending on the carbon sources in T. reesei. The hfb1 gene was expressed on glucose and sorbitol (Nakari-Setälä et al. 1996) and the expression of hfb2 gene was detected on carbon sources used for extracellular hydrolase secretion, such as lactose, xylan, avicel and cellobiose (Nakari-Setälä et al. 1997) . In this study, the expression of the Trhfb3 gene on the tested carbon sources was similar to that of the hfb2 gene in the research by Nakari-Setälä et al. (1997) , whereas no expression of the hfb1 gene was detected on these carbon sources by Nakari-Setälä et al. (1996) .
Trhfb3 mutant shows an easily wettable phenotype
To investigate the function of Trhfb3, the null mutant of Trhfb3 was obtained through a target-gene deletion method. The constructed knockout vector pBSHPH-TrHFB3KO was transformed into the parent strain RUT C30 by protoplast transformation (Fig. 3A) . The Trhfb3 gene-deletion mutants were confirmed by PCR and Southern blot analysis (Fig. 3B) . The complementary transformants were generated through transforming the complementation vector pBS-HFB3HB into the Trhfb3 mutant and confirmed by RT-PCR (Fig. 3C) .
To study the effect of Trhfb3 on the wettable phenotype, a drop of water or detergent was placed on a fungal colony of each strain and the spore dispersion within the drop was monitored. As seen in Fig. 4 , the gene-knockout mutant of Trhfb3 exhibited an easily wettable phenotype on both water and detergent while the parent strain RUT C30 and the complementary mutant Trhfb3-cp did not. A number of hydrophobin genes have been found to result in an easily wettable phenotype when disrupted. For example, inactivating the SC3 hydrophobin gene of Schizophyllum commune showed a wettable phenotype (Wösten et al. 1994) . In Magnaporthe oryzae, mutants of mhp1, a class II hydrophobin, displayed a wettable phenotype on detergent but not on water (Kim et al. 2005) . In this study, Trhfb3 exhibited an easily wettable phenotype on the fungal colony (Fig. 4) , as described in other filamentous fungi.
Trhfb3 is involved in fungal asexual development
To investigate the effect of Trhfb3 on fungal asexual development, T. reesei RUT C30, Trhfb3 and the complementary mutant Trhfb3-cp were inoculated onto PDA. The radial growth rate of Trhfb3 was lower than that of RUT C30. However, with the extension of the cultivation time, the differences in radial growth rates between the strains became smaller (Fig. 5A) . Conidial production was measured on PDA medium. Deletion of Trhfb3 resulted in greatly decreased conidial production in T. reesei (Fig. 5B) . The germination rates of the Trhfb3 mutant were also determined. No significant difference was detected between RUT C30, the null mutant Trhfb3 and the complementary mutant (Fig. 5C ). Previous studies showed that disruption of hydrophobin gene mpg1 (class I) or mhp1 (class II) led to reduced conidial production in M. oryzae (Talbot et al. 1996; Kim et al. 2005) . Furthermore, mhp1 mutants showed reduced germination rates with increasing incubation time of conidial cultures and conidial viability (Kim et al. 2005) . Our present study suggested that inactivation of Trhfb3 did not influence the germination rates and conidial viability (data not shown) but did influence the conidial production in T. reesei. Similar reductions in conidial production were also found in the other two class II hydrophobins, hfb1 and hfb2 (Askolin et al. 2005) .
The biomass of the parent strain was compared with that of the Trhfb3 mutant in shaken liquid cultivation. The biomass of the Trhfb3 mutant was less than that of the parent RUT C30 and the complementary mutant Trhfb3-cp both in the glucoseand lactose-containing media (Fig. 5D ). In addition, the formation of aerial hyphae in the Trhfb3 mutant was studied in static liquid cultivation. Both RUT C30 and the Trhfb3 mutant could produce aerial hyphae when grown on glucose or lactose medium (Fig. 5E ). The role of the other class II hydrophobins, hfb1 and hfb2, in biomass accumulation and aerial hyphae formation has been intensively reported in T. reesei (Askolin et al. 2005) . hfb1 produced less biomass than its parent strain on glucose, whereas the biomass formation of hfb1 was comparable to its parent strain on lactose medium. There were no apparent differences in biomass formation between the hfb2 mutant and the parent strain on glucose or lactose medium. In addition, HFBI contributed to the growth of aerial hyphae in air from static liquid cultivation while HFBII did not. In this study, deletion of Trhfb3 led to reduced biomass both on glucoseand lactose-containing media, demonstrating that these three class II hydrophobin genes have different effects on biomass accumulation. It has been reported that hydrophobins can have an effect on cell wall architecture in S. commune (van Wetter et al. 2000) , as such it probably affects biomass formation.
Contribution of Trhfb3 to stress resistance
To investigate the susceptibility of the null mutant Trhfb3 to different stress conditions, T. reesei RUT C30, Trhfb3 and the complementary mutant of Trhfb3-cp were cultivated on plates supplemented with either CFW, CR, sorbitol, NaCl, H 2 O 2 or SDS and assayed as described in the phenotype analysis section.
It was showed that no significant differences were discovered among all the tested strains in the responses to any of the chemical stressors mentioned above (Fig. 6 ). The germination rates of the strains under thermal stress conditions were also tested. No significant differences were found between the strains (data not shown). Our results are partly consistent with the effects of hydrophobins on the stress response to cell-wall stressors in Beauveria bassiana reported previously (Zhang et al. 2011) . Moreover, in the thermal stress experiments on B. bassiana, the hyd1 mutants displayed greater conidial germination rates than the parent strain, but in this study, no significant differences in the Figure 6 . Effect of Trhfb3 on radial growth under various stress conditions. Growth of the parent strain, RUT C30, the Trhfb3 mutant and the complementary mutant Trhfb3-cp on MM plates supplemented with CFW (100 mg/l), CR (800 mg/l), sorbitol (1.2 M), NaCl (0.7 M), H2O2 (10 mM) or SDS (0.005%) after incubation at 30
• C for 5 days. All of the experiments above were repeated three times.
germination rates under thermal stress were observed between the Trhfb3 mutant and the parent strain. These results demonstrated that the lack of Trhfb3 did not affect the stress susceptibility of T. reesei.
CONCLUSIONS
The function of a class II hydrophobin gene Trhfb3 was characterized in Trichoderma reesei. Our data indicated that disruption of Trhfb3 led to defects in fungal asexual development and biomass accumulation. In addition, Trhfb3 was expressed on those carbon sources that induce lignocellulytic enzymes, with the highest expression level detected on cellobiose.
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